Introduction
Colorectal cancer (CRC) is the most commonly diagnosed gastrointestinal cancer worldwide with more than 1.2 million new cases and 600,000 deaths annually (1) . Oncological management of colon cancer patients is based on the initial clinical staging of the disease. For patients without metastatic disease (M0), surgery is the first option, used with curative intention. Unfortunately, for 20-30% of the patients the prognosis is poor due to recurrence of the disease (2). 5 Fluorouracil (5-FU) based chemotherapy is the standard adjuvant treatment. In stage III patients, the benefit from additional adjuvant chemotherapy is confirmed in several large-scale trials and they have about 40% lower risk of recurrence, compared to patients who were stated on observation (3, 4) . In stage II patients, adjuvant treatment remains controversial (5, 6) . Survival rate is usually complicated by the side effects of chemotherapy. This is mainly ascribed to the lack of reliable markers that could predict development of disease relapse. Therefore, identification of such markers would be greatly beneficial for the individualized chemotherapy of patients with a high risk for recurrence of the disease.
Disease relapses after surgery alone or combined with adjuvant treatment for colon cancer are a function of both degree of bowel wall penetration of the primary lesion and nodal status (7) . Nx category includes patients with unknown nodal status. Last Surveillance, Epidemiology, and End Results (SEER) populationbased colon cancer analysis includes 130,762 patients with colon cancer, among which 14% (n = 18,312) were defined as Nx (7) . Despite the large number of Nx cases, the potential benefit of chemotherapy is not known (8) and there are only a few biomarkers that could predict recurrence of the disease in this group of patients (9) . miRNAs are a class of short (18-23 nucleotides in length), endogenous, non-protein-coding RNAs that play critical roles in diverse biological processes through negative post-transcriptional regulation (10, 11) . miRNAs can function as oncogenes or tumor suppressors by repressing cancer-related genes (11, 12) . Alterations of miRNA expression have been observed in a variety of human tumors, including colon cancer, and it was discovered that miRNAs are stably present in circulating blood at sufficient levels for use as blood-based biomarkers (13, 14) . Thus, identification of novel serumbased miRNAs as biomarkers for response to therapy or tumor recurrence could improve the outcome of the disease.
In this study, we investigated the serum levels of four miRNAs involved in tumor cell proliferation (miR-17, miR-92), survival (miR-21), and metastasis (miR-29a) in colon cancer patients (15) . Blood samples were collected immediately after completion of adjuvant chemotherapy. We aimed to monitor the tumor biological behavior and the prediction capacity of the serum levels of miR 17, miR-92, miR-21 and miR-29a for recurrence of the disease in one year period.
Materials and Methods

Ethics statement
All procedures were approved by the Scientific Research Ethics Committee of Medical University Prof. Dr. Paraskev Stoyanov", Varna. Blood samples were collected from 37 colon cancer patients and 7 healthy volunteers at the Medical Oncology Clinic, University Hospital "St. Marina", Varna after obtaining informed consent form (ICF) from all study participants. All patients with indications for adjuvant chemotherapy were discussed for participation in our trial and only subjects who agreed to participate and signed ICF were included.
Patient selection
All subjects in the study were of Caucasian race. Controls were matched to colon cancer patients by age. The characteristics of patients and controls are represented in Table 1 . We included patients with colon cancer stage II (n = 6) and III (n = 13) as per American Joint Committee on Cancer (AJCC) Cancer Staging Manual, 7 th ed., who have undergone radical surgery in our hospital; there was no residual disease or compromised edges post-surgery and patients have completed 5-FU based adjuvant chemotherapy. 18 patients had Nx lymph node status because the involvement of lymph nodes could not be determined (less than 12 lymph nodes examined). We obtained serum after last cycle of adjuvant chemotherapy and patients started follow-up regularly (every 3 months) with computed tomography (CT) or positron emission tomography PET-CT until progression for 1 year of follow-up.
RNA isolation and real-time PCR
Total RNA was extracted from 200 μL serum, using the miRNeasy mini kit (Qiagen) following the manufacturer's instructions. 5.6 × 10 8 copies celmiR-39 synthetic RNA per sample were used as spike-in control (Qiagen). The RNA was eluted in 14 μL nuclease-free water supplied with the kit. Small RNAs were reverse transcribed with miScript II RT kit (Qiagen), using 5 μL of the eluted RNA and HiSpec buffer. Before use, cDNA was diluted as recommended. Quantitative real-time PCR was done on the StepOne Cox regression models. Two-tailed p-values (< 0.05) were considered as significant.
Results
Expression of miRNAs in NP, RP and control groups
Relative miRNA expression levels in serum samples of colon cancer patients (n = 37) who underwent curative surgery were obtained by using cel-miR-39 as reference genes for normalization. Relative quantification (RQ) values, calculated by the 2 -ΔΔCt method were used for evaluation of expression in patients. The Mann-Whitney test showed that there were no significant differences of RQ values of all 4 miRNAs between the control and NP group. Both miR-21 and miR-92 showed significant expression level differences between RP group with control and NP group ( Figures 1B and 1D ). In contrast, miR-17 showed significant difference only between RP group and NP group, but not between RP group and control group ( Figure 1A ). Expression level of miR-29a did not differ between groups ( Figure 1C ).
Expression of miR-21 differs between and within stages
There were no significant differences of RQ values of all miRNAs in patients with stage II, stage III and Nx except for miR-21, which differed between patients with stage II and III ( Figure 2 ). Within stage III patients, none of the 4 miRNAs expression levels were different between RP and NP groups. However, within the Nx patients all miRNAs except miR-29a had significant differences in expression levels between RP vs. NP groups (Figures 3A, 3B and 3D).
miR-21, miR-17 and miR-92 alone discriminate RP and NP groups
After 1 year follow-up post adjuvant chemotherapy none of patients with stage II disease experienced recurrence. Six patients with stage III disease and 7 patients with Nx experienced recurrence after 1 year of follow-up. ROC analysis was performed to explore the potential value of analyzed miRNAs expression levels as noninvasive diagnostic biomarkers for recurrence after adjuvant chemotherapy (Figure 4 ). miR-21 allowed most accurate discrimination (AUC = 0.901, 95% CI: 0.788-1, p < 0.001) between RP and NP groups. At the optimal cutoff values of RQ, the sensitivity was 84.6% and specificity was 79.2% ( Figure 4B ). miR-92 and miR-17 could also discriminate RP and NP groups with the following AUC = 0.885 (95% CI: 0.778-0.991, p < 0.001) and with 84.6% sensitivity and 70.8% specificity ( Figure 4D ) and AUC = 0.814 (95% CI: 0.658-0.971, p = 0.002) and with 84.6% sensitivity Plus (Applied Biosystems) with miScript Sybr Green PCR kit and miScript Primer Assays (Qiagen). Relative quantities (RQ) of target miRNAs were calculated using method by the StepOne Software v2.0. The results were normalized using the spike-in control cel-miR-39 as a reference target and were expressed as relative quantity to a single reference sample (16) . The relative levels of miRNA were normalized to cel-miR-39 and were calculated using the equation 2 −ΔΔCt . RQ values for miRNA-17, miRNA-21, miRNA-29a or miRNA-92 were then normalized to the average expression of each of these miRNAs in healthy individual (17) . Greater than the median RQ values of miRNAs we denoted as high expression levels, and values below or equal to the median RQ we denoted as low expression levels.
Clinical and pathological features
We collected demographical data (sex and age at initial staging), date and extent of surgery, as well as tumor characteristics: localization, TNM classification, histology of tumor, total number of histologically examined lymph nodes, and grade of differentiation. Associations of serum miR-17, miR-21, miR-29a, and miR-92 expression with clinicopathological parameters are represented in Table S1 (http://www.biosciencetrends.com/docindex. php?year=2015&kanno=6).
Statistical analysis
Statistical analysis was carried out with SPSS Statistics v.23 using descriptive statistics. Categorical features were summarized with frequencies and percentages. The Mann-Whitney U test, Pearson correlation, and χ 2 test or Fisher's exact test were used for comparison and estimation of correlations between miRNAs expression levels and clinicopathological characteristics such as tumor stage and grade, and age. Specificity and sensitivity of serum miRNAs expression levels for discriminating patients with recurrent disease (recurred patients, RP) from patients with non-recurrent disease (non-recurred patients, NP) at 1 year of follow-up were evaluated with receiver operating curve (ROC) analysis. Diagnostic accuracy of biomarkers was also determined by obtaining the largest possible area under the curve (AUC) in ROC analysis. The best linear combination of miRNA markers in the sense that the area under the ROC curve of this combination is maximized among all possible linear combinations was calculated according to the method of Su and Liu (18) . Kaplan-Meier survival curves and the log-rank test were used to compare the survival differences between groups. Although our study was not powered enough to compare different subgroups, hazard ratios (HRs) and corresponding 95% confidence intervals (CIs) were calculated by and 66.7% specificity ( Figure 4A ) at the optimal cutoff values of RQ, respectively. miR-29a discriminates RP and NP groups with the following AUC = 0.670 (95% CI: 0.493-0.846, p = 0.092) and with 53.8% sensitivity and 70.8% specificity at the optimal cutoff values of RQ, but the result did not reach statistical significance ( Figure 4C ). For comparison, carcinoembryonic antigen (CEA) after adjuvant chemotherapy has lower power to discriminate RP and NP groups AUC= 0.655 (95% CI: 0.472-0.839, p = 0.123) with 61.5% sensitivity and 62.5% specificity, but the result did not reach statistical significance ( Figure 4E ).
miR-21, miR-17 and miR-92 alone or in combination discriminate RP and NP groups within stage III and Nx patients
The potential value of analyzed miRNAs as biomarkers for recurrence after adjuvant chemotherapy within stage III and Nx patients is shown in Table 2 . Because none of the studied biomarkers could discriminate accurately in stage III between RP and NP groups, we constructed multimarker ROC analysis. The combination of all 4 biomarkers discriminates RP and NP groups with the following AUC = 0.881 (95% CI: 0.655-1, p = 0.022) and with 83.3% sensitivity and 85.7% specificity at the optimal cutoff values of RQ ( Figure 4F ). In patients with Nx disease only expression levels of miR-29a were not good enough to discriminate between patients with recurrence and no recurrence of the disease (Table  2) . CEA after adjuvant chemotherapy has similar power to discriminate recurrence in stage III and Nx patients ( Disease free survival (DFS) was calculated as the time from the date of surgery to the date of documented recurrence of the disease. Colon cancer patients with high expression levels of any miRNAs had no significant differences in DFS compared with those with low expression levels of miRNAs ( Figure  S1 , Pearson correlation tests did not detect significant correlation between the DFS and the serum levels of the miRNAs studied. We also did not observe correlation between age and expression levels of the studied miRNAs. Furthermore, none of the 4 miRNAs correlated with serum level of CEA after adjuvant chemotherapy. However, strong correlation was observed between miR-17 and miR-92 (r = 0.971, p < 0.001, Figure S2 ), moderate correlation between miR-21 and miR-92 (r = 0.492, p = 0.002, Figure S2 , http://www.biosciencetrends. com/docindex.php?year=2015&kanno=6) and weak correlation between miR-17 and miR-21 (r = 0.360, p = 0.029, Figure S2 ).
Discussion
Previous studies have identified multiple circulating miRNAs that are differently expressed and dysregulated in colon cancer patients compared with control healthy people (11, 19, 20) . Several lines of evidence have suggested that miRNAs might serve as potential biomarkers for the diagnosis and prognosis of patients with colon cancer (19, (21) (22) (23) .
The goal of our study was to identify potential biomarkers that could predict early recurrence after adjuvant treatment. Additionally we included in our analysis patients with unknown lymph node status (Nx patients). Usually dysregulated miRNAs are associated with wide variety of cancers (24) . To increase the sensitivity and specificity of our assay we used miR-21, miR-17, miR-29a and miR-92 which have been shown to be upregulated in colon cancer patients (25) . ROC analysis in our study showed that upregulation of any of miR-21, miR-92 and miR-17 in serum is an accurate biomarker and can distinguish colon cancer patients with recurrence from patients without recurrence with high sensitivity and specificity (Figure 4) . In stage III patients, only the combination of all miRNAs reached statistically significant result in distinguishing RP from NP, which might be as a result of the small sample size. All miRNAs except miR-29a outperformed CEA serum levels in predicting recurrence. The sensitivity and specificity of ROC curve for prediction of recurrence on the basis of CEA only was low, which is consistent with other research (26) .
Only a few studies have evaluated the expression levels of miRNAs after curative surgical resection of the primary tumor (21, 27, 28) and have looked for a diagnostic correlation between serum levels of miRNAs and post-adjuvant levels of CEA. In the present study the expression levels and the diagnostic significance of 4 circulating miRNAs (miR-17, miR-21, miR-29a and miR-92) from blood samples of colon cancer patients, who underwent radical surgery of the primary tumor and adjuvant chemotherapy were correlated with the serum levels of CEA (measured after end of adjuvant chemotherapy) and the stage of the disease.
Previous studies have found higher levels of circulating miR-17, miR-21, miR-29a and miR-92 as compared to healthy individuals and some of those miRNAs were associated with poor survival, independent of other clinicopathological factors (28) (29) (30) (31) . Among the most important target genes of miR-17 and miR-92 are the E2F family of transcription factors ( Figure 5 ) that drive the progression from the G1 into the S phase of the cell cycle (15) . Thus, increased levels of miR-17 and miR-92 promote tumor cell proliferation. Crucial target of miR-21 is PTEN (phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase) which negatively regulates the PI3K (phosphatidylinositol-4,5-bisphosphate 3-kinase) pathway (15) . As a result, increased level of miR-21 promotes tumor cell survival ( Figure 5 ). In one study it was shown that the serum levels of miR-21 statistically significantly plummeted after surgery in the subset of patients with potentially curative surgeries (21) . Others demonstrated that stromal miR-21 expression was related to the expression of E-cadherin and metastasisassociated protein 1 in colorectal cancer and high miR-21 expression in stage III patients was not associated with poor DFS (32) . Stage II colorectal cancer patients with high levels of miR-21 are at higher risk for tumor recurrence and should be considered for more intensive treatment (32) . We found from our panel of miRNAs that only miR-21 had significantly altered expression levels in patients with III vs. II stage disease, which may reflect the tumor burden or may indicate noncurative surgeries. Patients with recurrence of the disease had significantly higher expression levels in Nx group for all miRNAs except miR-29a which again may reflect the tumor burden or may indicate noncurative surgeries.
T h e r e i s c o n s i d e r a b l e s a m p l e -t o -s a m p l e variability in both protein and lipid content of serum samples, which could affect efficiency of RNA extraction (33) . To ensure the accuracy of our assay, including variability in polymerase chain reaction amplification efficiencies, we used the novel method for normalization of experimental miRNA data using spiked-in synthetic, nonhuman mature miRNA from Caenorhabditis elegans (33) . Although our approach of quantifying relative expression of serum miRNAs is widely used, absolute quantitation of serum miRNAs expression levels may further improve the translation of these data into a clinically viable diagnostic test for early detection of disease relapse.
Inadequate examination of lymph nodes may lead to tumor understaging and subsequent treatment failure (34) . Many factors affect the number of lymph nodes examined, including extent of surgical resection, patient age, tumor location, and pathology techniques. Population-based data suggest that only 37% of colon cancer patients have adequate lymph node evaluation (35) .
Colon cancer patients may benefit from discovering prognostic markers that can identify those individuals that are more likely to recur by selecting patients that are suitable for adjuvant therapy. Several miRNAs (miR-192, miR-215, miR-140, miR-129, let-7, miR-21, miR181b, miR-200 s) were found to be associated with chemoresistance by regulating key cell death pathways (24) . High levels of miR-21 may partly be responsible for poor response to 5-FU; therefore, patients with high miR-21 expression are at high-risk for disease recurrence (36) . In colon cancer cell lines it was demonstrated that increased miR-21 expression reduced apoptosis and G2/ Figure 5 . Targets of the studied microRNAs: miR-17 and miR-92 promote cell proliferation through regulation of E2Fs, whereas miR-21 promotes cell survival through regulation of PTEN. AKT, protein kinase B; APC, adenomatous polyposis coli; E2Fs, E2F family of transcription factors; EGF, epidermal growth factor; EGFR, EGF receptor; LRP, low-density lipoprotein receptor-related protein; mTOR, mammalian target of rapamycin; P, phosphorylated site; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; PTEN, phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase; TCF, T cell factor; Wnt, wingless/ integrase-1.
M arrest due to damage by 5-FU (37) .
In summary, the most important finding in our study is that miR-17, miR-21 and miR-92 alone in Nx or in combination in stage III patients may help detecting early recurrence of colon cancer after radical surgery and adjuvant chemotherapy with high accuracy in clinical practice. Our results suggest that patients with elevated serum levels of miR-17, miR-21 and miR-92 should undergo more intensive follow-up in order to increase the possibility for early relapse detection and potential subsequent curative interventions. To our knowledge our study, despite its small sample size, is one of the few, testing potential biomarkers that could predict disease recurrence in patients with Nx colon cancer. Future studies may further evaluate the potential use of miR-17, miR-21 and miR-92 in post-operative surveillance, which may provide an opportunity for early detection of recurrent disease.
